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FABRICATION AND TEST 
O F  A FLUERIC POSITION SERVO 

Prepared  under the direction of: 

M ,  H. Cardon 

Approved by: 

Lo Bo Taplin 

ABSTRACT 

This report  is the second quarterly report  of Task 2 of an effort 
to develop a pneumatic control drum actuator for a nuclear rocket engine 
in which the electronics have been replaced by flueric devices. 
jective of the Task 2 effort is to fabricate and tes t  the sys tem designed 
and studied in Task 1 .  

The ob- 

In this quar te r ,  the designs of the Position E r r o r  Detector Unit 
and Power Control Valve were completed. Breadboard vortex valves, 
single input amplifiers and summers  were built and tested.  The lead- 
lag circuit  was revised and preliminary tes t s  01: an ear ly  design of the 
circui t  were conducted. 

iv 



SECTION 1 

INTRODUCTION 

This report  is the second quarterly report  of Task  2 of a two-task 
effor t  to develop a pneumatic actuation system in which the electronics 
that formerly provided the e r r o r  detection, frequency compensation, 
and amplification have been replaced with flueric devices. 

In Task  1, an all-pneumatic servo actuator with performance 
character is t ics  comparable to an existing electropneumatic sys tem was 
designed and analytically studied. The existing electropneumatic actu- 
ation system selected for  a base in the study is used to  position control 
drums in a nuclear rocket engine. The resul ts  of T a s k  1 a r e  presented 
in a Summary Report? dated August 31, 1965. 
of the effort is to fabricate the system designed in Task  1 and to  evaluate 
i t  experimentally. 

The objective of Task  2 

In the second quar te r  of Task 2, the designs of the Position E r r o r  
Detector Unit and the Power Control Valve were  essentially completed. 
Some components of both devices were released for  purchase and 
manufacture. 
that allows the easy and economical variation of parameters  was estab- 
lished. 
and low gain summers  have been built and tested. The lead-lag circuit  
has been redesigned and preliminary tes ts  of an ear l ie r  design of the 
lead-lag circuit  were conducted. 

A design for breadboard vortex valves and amplifiers 

Using this design, breadboard valves, single input amplifiers,  

In this report ,  the design of the Position E r r o r  Detector Unit, 
Power  Control Valve, breadboard vortex valves and amplifiers,  and the 
new lead-lag circui t  will be described. The performance character is t ics  
of the latest  vortex valve, single input amplifier, and low gain summer  
and the resul ts  of the preliminary lead-lag circuit  t es t s  will a lso be 
presented. 

* 
"Replacement of Electronics With Fluid Interaction Devices" (Task 1, 
Summary  Report), NASA CR-54758, (N65-34912), August 31, 1965. 
Requests for copies should be referred to the Federal  Scientific and 
Technical Information Office, Port  Royal Road, Springfield, Virginia 
22151. Identification No. N65-34912, Category CSCL 13G. Two dollars 
fo r  full-size copy; fifty cents for microfilm copy. 
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SECTION 2 

SUMMARY 

In this quarter ,  the design of the Position E r r o r  Detector Unit 
and essentially all  of the detail drawings of i t s  components were com- 
pleted. 
assembly as compared with two shown in ea r l i e r  designs. The design 
also included a potentiometer for instrumenting the position actuator 
output shaft and a Bentley proximity pickoff for instrumenting the posi- 
tion of the input transducer torque motor flapper. 

The final design of this device used only one spring tube 

The design of the Power Control Valve was also completed and 
This design i t s  detail drawings a r e  in the process of being checked. 

i s  essentially the same as  reported in the Task 1 summary report .  

A more  versati le design for  the breadboard vortex valves and 
amplifiers was established. 
Each plate has the required profile machined through it,  and parameters  
a r e  changed by simply changing, removing o r  adding plates. No sealing 
elements a r e  required between plates. 

This design uses  a stack plate assembly. 

Breadboard dual-exit vortex valves, single input vortex ampli- 
f i e r s  and low gain summers  f o r  the lead-lag circuit  have been built 
and tested. 

Both the forward and feedback paths of the lead-lag circuit  were 
revised. The capacitance element, a lag tank, in  the feedback path w a s  
relocated to reduce the tank size,  and multiple orifices between the 
tank and the vortex valve a r e  used to improve the gain of the circui ts .  

It was found necessary to reduce the gain of the summing ampli-  
f i e r  i n  the lead-lag circuit  and additional amplification stages were 
added to the forward path. 

Pre l iminary  tes t s  011 an  early design of a lead-lag circuit  were 
conducted. 
the circui t  was stable and that vortex amplifiers could be connected 
with the exhausts of one push-pull stage supplying the next push-pull stage. 

While the gain of circuit was low, the tes t s  did verify that 

Goals for the next quarter  will  be to complete the construction and 
t e s t s  on the Position E r r o r  Detector Unit and Power Control Valve and 
breadboard tes t s  on the flueric circuit .  

2-1 
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SECTION 3 

MECHANICAL DESIGN 

Following the mechanical design concept defined in  the last 
quarter ,  design of the Position E r r o r  Detector Unit, including the de- 
tailing of the component par ts ,  was essentially completed. The lay- 
out drawing of the Power Control Valve was a l so  completed. Detailing 
of the component pa r t s  has progressed to  the point where the drawings 
a r e  being checked. A number of parts of the Position E r r o r  Detector 
Unit were released for manufacturing and purchasing. These par t s  in- 
cluded the torque motor,  spring tube, cam, ball bearings, and potentio- 
me te r .  The bellows assemblies  of the Power Control Valve were re- 
leased for purchasing. 

Designs of the Position E r r o r  Detector Unit and Power Control 
Valve will be described in the following text. 

3.1 POSITION ERROR DETECTOR UNIT 

The assembly drawing of the Position E r r o r  Detector Unit is  
shown in Figure 3-1 and i t s  schematic is shown in Figure 3-2. 

The Position E r r o r  Detector Unit comprises  a position input 
t ransducer  and a position feedback t ransducer  and, for convenience, 
includes a potentiometer for instrumenting the position of the actuator 
output shaft. The position input transducer converts the electrical  
input signal to an equivalent flapper position between the inflowing noz- 
z les  of the t ransducer .  A modified D.G. O'Brien Model 121 torque 
motor  is used in the position-input t ransducer .  
motor  have a resis tance of 100 ohms per  coil and require  a maximum 
input differential cur ren t  of 150 ma. 
motor  included an extension of its flapper out through its case  and the 
.addition of a bracket on the case  for mounting a Bentley Hl-084-3 
proximity t ransducer .  The proximity t ransducer  will be used, during 
evaluation t e s t s ,  t o  indicate the position of the flapper of the position 
input t ransducer  . 

The coils of the torque 

The modifications to the torque 
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In the position feedback transducer,  a cam that is coupled directly 
to  the output shaft of the actuator moves the flapper of the spring tube 
assembly between three pa i r s  of nozzles. One pair of the nozzles is used 
in conjunction with the nozzles of the position input transducer to generate 
the position e r r o r  signal. These nozzles are the same size as the noz- 
z les  of the position input transducer.  The other two pa i rs  of nozzles 
a r e  used in generating the ra te  signal. 

A single spring tube is used in this  final design as compared with 
the two spring tubes shown in ear l ie r  designs. The two spring tubes were 
used in ea r l i e r  designs to eliminate the effect of temperature gradients 
that might exist between the cam and the spring tube mounting structure.  
A careful examination of the effects of the complexities introduced by 
the dual spring tube design negated its temperature  compensating feature.  
Also, an investigation of a single spring tube design, using a cam with 
a smaller  base radius of 0.1875 inch, established that a 500-degree 
temperature  differential would represent only about a one-degree change 
in position. This is within the positional accuracy requirements of the 
system. 

The cam of the position feedback transducer is designed to have 
a total t ravel  of 216 degrees  of rotation as compared to 180-degree 
stroke of the actuator. 
tolerance in setting up the nozzles with the flapper. 
ment of the flapper at the cam for the 216 degrees of rotation i s  0.1037 
inch and resu l t s  in a 0.0047 inch deflection a t  the nozzles. 
a t  the nozzles for  180-degree working stroke is 0.00392 inch. 
contact force between the flapper and cam is 0.17 pound at the zero  
position of the actuator output shaft and 1.85 pounds at the 180-degree 
position. A kinematic analysis of spring tube and cam i s  presented in  
Appendix A .  

The additional travel of the cam allows some 
The total displace- 

The deflection 
The 

The potentiometer incorporated into the Position E r r o r  Detector 
Unit is  a Markite Model SL-111. It has  a maximum resis tance of 1000 
ohms and a linearity o f f  0.5 percent. 

3 . 2  POWER CONTROL VALVE 

The Power Control Valve is a flapper-type valve incorporating 
dynamic lokd pressure 'feedback. The flapper of the valve is actuated 
by a pair of bellows, pressurized by a pneumatic input signal. A flapper- 
type valve inherently has  negative load p res su re  feedback. 
load p r e s s u r e  in this valve is achieved by positively feeding the load 

The dynamic 
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I .  

pres su res  back through an orifice volume network to  another pair  of 
bellows acting on the flapper. Listed below are the various design para-  
me te r s  for  the Power Control Valve and values established for them in 
the designing of the valve. A schematic of the  valve, defining var ious 
parameters ,  is shown in Figure 3-3. 

Mean Variable Orifice Area 
Generated by Nozzle and 
Flapper 

Supply Orifice Area 

Ratio of Positive t o  Negative 
P r e s s u r e  Feedback 

Effective Area Input Bellows 

Area  Nozzle Orifice 

Effective Area Feedback l3ellows 

Area  Positive Feedback 
Orifice 

Lever  Arm (Flex Pivot to  
Input Bellows) 

Lever  Arm (Flex Pivot to  
Nozzle) 

Lever  Arm (Flex  Pivot t o  
Posi t ive Feedback Bellows) 

Stroke o r  Distance from 
Flapper to  Orifice of Nozzle 
(in Neutral Posit ion) 

Effective Spring Rate of 
Flapper  Assy About Pivot 

Po la r  Moment of Iner t ia  of 
Flapper Assy. 

0 
A 

0 
A 

A = -  
3 2  

A4M - 
A 1  

2 2  

A 
1 

A2 

4 
A 

A 
5 

5 
P 
2 

M 

S 

K 

J 
F 

= 0.00288 in2 

2 = 0.00144 in  

= 0.90 

= 0.079 in2 

= 0.0181 in2 

= 0.0495 in2 

T o  be determined 
experimentally 

= 0.732 in 

= 1.200 in 

= 0.394 in 

= 0.006 in 

= 56.64 lb  in / r ad  

= 1 2 . 1 9 4 ~  
2 lb-in-sec 
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Undamped Natural Freq-  
uency of Flapper Assy. 

Input Gain 47dX 
Alll  

G.  =- 
1 K 

4 7 4 ~  
A4M Negative Feedback Gain G =- 

fn K 

Positive Feedback Gain 

Differ entia1 Control 
P r e s s u r e  (at Maximum 
Stroke Static) 

A drawing of the valve is shown in Figure 3-4. 

= 2160 r ad / sec  

= 8.l2y0 S / p s i  

= 7 . 3 1  S/psi 

= 10.4 psid 

The valve flapper 
is balanced about its axis of rotation and i s  mounted on a Bendix 
"Free Flex" pivot. The bellows a r e  always under compression axially. 
With the flapper in its neutral position, all four bellows are compressed 
a nominal 0.010 inch. The stroke of input bellows is *0.0035 inch, and 
the positive feedback bellows have a stroke of *0.002 inch. 
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SECTION 4 

BREADBOARD FLU ERIC CIRCUIT 

The goals for flueric c i rcui t  work for  this quar te r  were: 

(1) 

(2)  

Design and build the remaining breadboard vortex elements. 

Start  tes ts  on the flueric c i rcui t .  

Effort in this a r e a  has been mainly devoted to vortex component design 
and to  deriving component performance data needed to accomplish the 
final circuit  design. Breadboard vortex elements for the lead-lag c i r -  
cuit have been built and tested and a major  portion of the par t s  for the 
remaining elements have been completed. The lead-lag circuit  was 
redesigned and a preliminary lead-lag circuit  was tested.  

The la tes t  schematic of the flueric circuit  is shown in Figure 4-1. 

4.1 FLUERIC COMPONENTS 

In this quarter ,  a more versati le and economical breadboard 
vortex valve and amplifier design was evolved and breadboard flueric 
components for the lead-lag circuit were built and tested.  
a r e  described and their  performance character is t ics  a r e  presented. 

The devices 

4 .1  1 Breadboard Vortex Amplifiers and Valves 

In designing vortex devices, it is frequently necessary to 
establish some parameters  by actual t e s t .  This may involve construc- 
tion of a substantial number of models varying in only one parameter .  
It i s  therefore desirable to be able to construct breadboard models in 
which the desired parameters  can be easily and economically altered.  

Vortex amplifiers and valves can best  be segmented by 
slicing a t  right angles to  the axis of symmetry of the main vortex 
chamber .  The flat plate stacked assembly vortex valve illustrated in 
the l a s t  quarter ly  report  was segmented in this manner.  The plates of 
that valve were of substantial thickness relative to the overall stack 
height and severa l  of them contained machined channels on both faces.  
That design did not prove to have the desired flexibility for design 
changes.  

4- 1 
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To gain the required flexibility of adjustment, the sl ices 
were redesigned such that the vortex element profile in any one plate 
goes all  the way through the plate. To the maximum possible extent, 
these profiles consist of simple round holes and simple straight line 
slots.  A l l  isolated pieces o r  islands were eliminated, except for the 
button. The button is now a simple turned piece designed to be inte- 
grated with the flat plates. 

At first, it was thought that some type of temporary bonding 
mater ia l  would be required, but test data on a bonded assembly versus  
a non-bonded but tightly clamped assembly showed that flat plates could 
be clamped tightly enough to make leakage a very small  percentage of 
total amplifier flow. In most cases,  the sum of measured output flows 
is within a few ( less  than 5) percent of the measured input flows. 

Breadboard vortex valves and vortex p res su re  amplifiers 
a r e  therefore built up from a quantity of flat plates (except for the button) 
and clamped to the tes t  fixture by four screws.  Clamping force is d i s -  
tributed by a 1/8-inch thick plate under the screw heads. This allows 
changes in p re s su re  pickoff design, size, o r  spacing from the chamber 
exit without remaking al l  of the other par ts .  It a lso allows adjustment 
of chamber length, injector a rea ,  injector axial  location, and button 
dimensions. 

Figure 4-2 shows a typical stacked assembly, with c ros s -  
hatching identifying the passages that a r e  connected to  form continuous 
flow paths,  

4.1.2 Vortex Valve 

The vortex valve is used in the p re s su re  follower portion 
of the lead-lag circuit .  

The amount of control flow required to operate this device 
in the circuit  is a function of the valve turndown ratio. 
is the ratio of supply flow a t  zero control flow to control flow at zero  
supply flow. The load on the preceding amplifier stage of the circuit  
is the control flow of the valve, and the flow required has  a substantial 
effect on the gain achievable with this amplifier ( V 1 1 ~  and V 1 2 ~  of 
Figure 4-1). The gain of the preceding amplifiers decreases  a s  the 
load flow increases .  It is therefore desirable that the turndown ratio 
of the vortex valve be a s  high a s  possible. 

Turndown ratio 
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LEGEND 

AREA OF COMMUNICATION OF TWO CHANNELS 

AREA OF CUMMUNICATION OF THREE CHANNELS 

NUMBERS 1 THROUGH 0 INDICATE ORDER OF LAMINATED 
PLATE STACK-UP STARTING WITH THE SUPPLY AND 
CONTROL PORT. 

1 
P-3533  

Figure 4-2 - Assembly Drawing of Typical Single Input 
Vortex Amplifier 

Two valve designs, both operable in the circuit ,  were 
experimentally evaluated. One valve was the single-exit vortex valve, 
V13, described in the last quarterly report .  It has  a chamber  diameter  
of 0.140 in., an exit diameter of 0.028 in., and a control orifice a r e a  of 
0.006 in2. The other vortex valve tested was a Dual-Exit Vortex Valve 
(DEVV) with a chamber diameter  of 0.140 in., exit orifice diameters  of 
0.020 each, and a control orifice a rea  of 0.006 in . 
turndown tes t s  of these two valves a r e  shown in F igures  4-3 and 4-4. 
The turndown test  for the type V i 3  valve used a supply p re s su re  of 60.0 
psia  and a vent p re s su re  of 50 psia. 
DEVV valve used a supply pressure  of 74.7 psia and a vent p re s su re  of 
50 psia .  
and h a s  no other significance. 
the calculated nitrogen flow through the total valve exi t  area, a t  the 
t e s t  p re s su res  used, with an assumed orifice flow coefficient of 1.0. 

2 The resul ts  of the 

The turndown tes t  for the type 

The change in tes t  p re s su re  w a s  made for tes t  convenience 
The normalizing flow in both c a s e s  is 

The dual-exit vortexvalve can be seen to be controlling a 
somewhat higher supply flow with about the same  maximum control flow. 
The turndown ratio is therefore better and accordingly the DEVV has 
been selected for use in the feedback circuit .  
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In the feedback circuit, this superior turndown ratio greatly 
reduces the control flow required to operate the circuit .  
trated in Section 4.2.1, 

This is illus- 

4.1.3 Single Input Vortex Amplifier Development 

A substantial number of Single Input Vortex Amplifier 
(SIVA) configurations were built and tested in establishing various 
parameters  and in solving problems encountered in the development. 
Chamber length and pickoff spacing were optimized and the sensitivity 
to these parameters  was reduced by increasing the length of the exit 
orifice. An exit orifice length-to-diameter ratio of 4.0 is being used 
in late model amplifiers a s  compared with 0.36 used in ea r l i e r  models. 
P r e s s u r e  gain w a s  a lso improved slightly by increasing the exit orifice 
length. 

An instability found in ea r l i e r  models of the amplifier was 
eliminated by introducing a 45-degree chamfer with a radial  width of 
0.002 to 0,004 inch to the entrance of the pickoff, A r eve r se  gain charac-  
ter is t ic  a t  low control p re s su re  was a l so  eliminated. 
due to a rotational component in supply flow a s  i t  entered the amplifier 
chamber  

It w a s  found to be 

It was corrected by redesigning the supply flow manifold. 

The chamber diameter to exit orifice diameter  ratio w a s  
increased from 5 to 1 to 7 to 1, resulting in an improvement in p re s su re  
gain. As a resul t  of this and other improvements, it w a s  possible to 
reduce the exit orifice diameter required to drive the lower stage of 
the circui t  and thus allowed a reduction in the supply and control flow 
required.  
stage device, improving i ts  p re s su re  gain 

The reduction in control flow reduces the loading on the upper 

The single input vortex amplifier has a chamber diameter  
of 0,140 inch, exit orifice and pickoff diameters  of 0.020 inch, and a 
chamber  length to exit orifice diameter ratio of 0 75 .  

Closed port  gain, control flow, and output loading charac-  
te r i s t ic  
recent and best  single input vortex amplifier, designated SIVA 28. 

curves  a r e  shown in Figures 4-5 through 4-10 for the most  

Notice that there  a r e  two complete se t s  of data. One set ,  

The other set is a t  the supply 
F igu res  4-5, 4-6 and 4-7, i s  for a supply pressure ,  74.7 psia, teiitatively 
selected for amplifiers V1l8 and VlzB 
p r e s s u r e ,  80.7 psia, tentatively selected for amplifiers V i  1~ and V i a .  
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Figure  4 - 7  - Load Flow Versus Output P r e s s u r e  for Single Input 
Vortex Amplifier, SIVA-28, with Ps of 74 .7  psia 
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Figure  4-8 - Control Flow Versus Differential P r e s s u r e  for Single Input 
Vortex Amplifier, SIVA-28, with P, of 8 0 . 7  psia 
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Figure  4 - 9  - Closed P o r t  Output P r e s s u r e  Versus Differential P r e s s u r e  
for  Single Input Vortex Amplifier, SIVA-28, with P of 80.7 psia  
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Figure  4-10 - Load Flow Versus Output P r e s s u r e  for  Single Input 
Vortex Amplifier, SIVA-28, with P of 80.7 ps ia  
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The gain of VllA when loaded by V l l ~ i s  obtained by superimposing 
Figure 4-5 on Figure 4- 10 with zero differential p re s su re  on Figure 4-5 
aligned with 74.7 psia on the Figure 4- 10 output p re s su re  scale.  The 
intersections of the curve from Figure 4-5 w i t h  the load lines of Figure 
4-10 can then be projected on the Figure 4-10 output p re s su re  scale. 
This shows the obtainable pressure  swing at the output of V 1 1 ~  a s  loaded 
by V1m. 
lines of the low gain summer (see Section 4.1.4). 

V1lB 
curve for the feedback circui t ,  
is the power control valve, which requires only transient flow, 

To get the gain of stage V11, Figure 4-8 is used with the load 
The loaded gain of 

is obtained from Figure 4-7 together with the input weight flow 
(See Section 4.2.1.) The only other load 

The closed port  gain curves a r e  of value only for com- 
parison with the loaded gain and as a convenient method of comparing 
amplifiers.  They a r e  of course redundant data, since the same infor- 
mation can be extracted from the zero output flow line on the load flow 
ve r sus  output p re s su re  graphs. 

4.1.4 Low Gain Summer 

Construction of a Low Gain Summer is s imilar  to any 
other vortex p res su re  amplifier, except that it has  two control signal 
inputs, each feeding two injector slots. 
injector slots a r e  the same Size and on the same level, so  that effects 
a r e  very closely matched, 

(See Figure 4- 11.) A l l  four 

To maintain a systematic log, this device was designated 

The chamber length and pickoff geometry is generally s imi la r  
LGS (for Low Gain Summer).  
variation. 
to that used for the single input vortex amplifiers.  One exception is  
pickoff axial spacingp where a greater length is used. 

A number was then assigned to each 

Data in Figures  4- 12 and 4- 13 is for LGS-26. The chamber 
length is 0,017 inch. Chamber diameter is 0.140 inch. Exit hole is 
0.023 inch with a 4 to 1 length-to-diameter ratio. Pickoff spacing is 
0.022 inch and the pickoff diameter is  0.023 inch. 

This device w i l l  drive stage V l u  o r  V 1 2 ~  with a loaded 
gain of approximately 0,67 for each input. 

4.2 LEAD-LAG CIRCUIT 

A number of changes have been made in both the forward and 
feedback paths of the lead-lag circuit designed in Task 1. A schematic 

4-10 
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P-3533 

Liigure 4-1 1 - Plan  View and C r o s s  Section of Low Gain Summer  LGS-26 

diagram of the lead-lag circuit  as  it appeared in the Task 1 report  is 
shown in Figure 4-14, and the revised lead-lag circuit  i s  shown in 
F igu re  4-15. Tes ts  of the lead-lag circui t  and i ts  feedback path have 
been conducted. 
the t e s t  resul ts  presented, and status of the lead-lag circui t  discussed. 

In the following text, the changes made w i l l  be described, 

4.2.1 Feedback Path 

In the feedback path, the capacitance element has been 
relocated and multiple orifices between Pf and Ps a r e  used in place of 
a single orifice.  
and the present  design. 

Figure 4-16 shows the feedback circuit  design of Task 1 

The capacitance element w a s  relocated to permi t  a re- 
duction in i t s  volume. An analysis of the effects of relocation is p r e -  
sented in Appendix B. 

The change to multiple orifices was made to improve gain 
Orifice R1 is effectively a very high impedance, since f r o m  Ps to Pf. 
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Figure  4-1 2 - Closed Por t  Gain of Low G a i n  Summer 
LGS- 26 

5 X  n. 5 a 
0 

0 
77 78 79 80 81 82 

OUTPUT PRESSURE (Po) PSlA 

Figure  4-13 - Load Flow Versus Output P r e s s u r e  of Low Gain 
Summer LGS-26 

flow is only slightly affected by changes in P f .  
constant current  source in an electronic c i rcui t .  
a relatively low impedance, since changes in Pf must produce flow into 
the summing amplifier.  A P f / A P ,  is maximum when a change in P, 
produces the maximum change in Q3, the flow through R3, allowing Qz, 
the flow through R2, to become greater .  Q3 i s  affected more by P, 
when the ratio of downstream to upstream p res su re  approaches 1. 

This is analogous to a 
Orifice R2 must be 

Since 
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Figure 4-14 - Lead-Lag Circuit Schematic Diagram as 
Presented in Task 1 Summary Report 

PS/Pf = ( P X / P f )  ( p p x )  ( p s / p y )  and each of these quantities 
i s  l e s s  than 1, then each p res su re  ratio must be nearer  to 1 than P,/Pf 
and therefore  the desired effect on Q3 is enhanced. 

Figure 4-17 shows the circuit  gain and Figure 4-18 shows 

Both 
the required input weight flow. Figure 4- 18 is used with Figure 4-7 
(Section 4.1.3) to calculate the loaded gain of stage V 1 1 ~  o r  V 1 2 ~ .  
of these figures were obtained with a dual-exit vortex valve used for 
stage V13 o r  V14 in the feedback circuit .  

4.2.2 Forward Path 

The change in the forward path w a s  the addition of two 
high-gain amplifiers in each leg of the circuit .  

The pr imary  reason for the circuit  change is that the 
summer  stage, V l l  and V12 of the lead-lag circuit ,  must operate a t  a 
low gain. 
excess  of sixteen. It has been established that a high-gain summer is 
not pract ical  for  this application. The gain limitation exists because 
the control p re s su re  bias level, P, - P,, must be greater  than the 

The original circuit  required that the summer have a gain in 
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Figure 4- ! 5 - Revised Lead-Lag Circuit Schematic Diagram 
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Figure 4-17 - Feedback Circuit  Gain 
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Figure 4-18 - Input Weight Flow to Feedback Circuit 
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maximum change of either of the two control p re s su res  in order  to 
obtain a summation over the ent i re  input pressure  range. 
summer has a loaded gain of l e s s  than one and the feedback p res su re  
gain is approximately 0.18 psi /psi .  Because of this limitation in summer 
gain, additional stages ( l l ~ ,  llg, 1 2 ~ ,  1 2 ~ )  were added in the forward 
path of the lead-lag circuit  to achieve the required loop gain. 
to the lead-lag block diagram of Figure 4-19, a loop gain of eight i s  
necessary to obtain the desired 9 to 1 lead-lag t ime constant ratio. 
Therefore, i f  

The resulting 

Referring 

with K4 = 0.18, then a gain of 

K1K2K3 = 45 ps i /p s i  

i s  required for the forward path gain. 
K3 must  be quite high to obtain the required gain. 

Since K1 is l e s s  than 1, K2 and 

The original Task 1 design assumed that a gain of 0.5 
p s i / p s i  ra ther  than 0.18 ps i /p s i  would be available in the feedback path. 
If that figure could have been reached, the required forward path gain 
would have been l e s s  but, since closed loop low-frequency gain would 
have been only 2 psi /psi ,  overall  actuator circuit  requirements would 
h;~;-e required rather  hi-h - a i n q  ef t h e  circiiit preceding the lead-lag 
circuit ,(See Figure 4-1.)  Since the required forward gain can be gener- 
ated, the reduced feedback gain in the lead-lag circuit  mere ly  ra i ses  
the closed loop low-frequency gain and allows the gain of the preceding 
circui t  to be adjusted downward. This a lso reduces the summer bias 
required by reducing the lead-lag circuit input differential p re s su re  
required to produce the maximum output p re s  sure  differential. 

e-- e----- 

Table 4-1 shows how the gains a r e  redistributed. The 
individual components in the lead-lag f o r w a r d  path have loaded gains 
of approximately 0.67 ps i /ps i  (V11), 5.3 ps i /p s i  ( V 1 1 ~ )  and 15.75 ps i /p s i  
(V 1 IB), thus slightly exceeding minimum requirements.  

4.2.3 Prel iminary Lead-Lag Circuit Tests 

Early in the quarter ,  a lead-lag circuit  using six vortex 
elements was breadboarded and tested. Figure 4-20 shows the manner 
in which circuits a r e  breadboarded. This circuit  used only one ampli- 
fier following the summer and fewer dropping orifices in the feedback 
path than a r e  presently being used. 
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Table 4-1 - Comparison of the Requirements of the Summing and 
Lead-Lag Circuits in the Task 1 Design and the P resen t  Design 

"OUT 
K2 - K3 1 & 

Circuit Component 

K4 - 
1 t TS 

Required Gain of Lead-Lag Circuit 

Feedback Gain of Lead-Lag Circuit 

Loop Cain of Lead-Lag Circuit 

Closed Loop Gain of Lead-Lag Circuit 

Output P r e s s u r e  Swing f rom Lead-Lag Circuit 

Output P r e s s u r e  Swing f rom Previous 
Stage Summer 

Gain of Previous Stage Summer: 

F o r  Input (1 ) 
F o r  Input (2) 

P r e a s u r e  Drop for  Lead-Lag Circuit 

P r e a r n r m  nron fnt  P I ~ ~ ~ ~ ~ ~ ~ P  s f ? ~ ~  C..--=I 
0 - - -------- - 

* 

16 

0.50  

8 

1.78 

f 12 PSID 

f 6 PSID 

9.3 
18.6 

26 PSI 

n P S I  

Presen t  

45 

0.18 

8 

4.94 

f 12 PSID 

*2.43 PSID 

3.3 5 
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-. .. 
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Figure 4- 19 - Lead-Lag Compensation Circuit Block Diagram 
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Figure 4 - 2 0  - Breadboard Lead-Lag Circuit 

Tes ts  on this c i rcui t  verified that vortex amplif iers  could 
be connected with vents of one push-pull stage supplying gas to  the next 
lower p r e s s u r e  push-pull stage and that the overal l  c i rcui t  was stable.  
Also, p r e s s u r e  disturbances in the circui t  appeared to  be on the o rde r  
of a tenth of a ps i  a t  the output stage. 
was low and it was difficult to bias the s u m m e r s  s o  that the following 
s tage was operating over the proper p r e s s u r e  swing. 

The forwarded gain of the circui t  

A s  a byproduct of w o r k  on breadboarding the lead-lag 
c i rcu i t ,  the frequency response o l  a push-pull vortex stage was obtained. 
The stage consisted of two L G S - 2  summers .  
have an undesirable bias  level but, a t  the input bias and signal level used 

These were  l a t e r  found to  

for  this  tes t ,  operation i s  quite comparable to  a t e r  models.  
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Figure 4-21 is  a sample of the data obtained. This sample 
is not, however, at exactly the same conditions as Figure 4-22; so  a 
gain difference can be noted. Figure 4-22 shows the response on N2 to 
50 cps. Lags a r e  approximately 3.8 t imes la rger  with room temperature  
nitrogen as compared with room temperature hydrogen. 
t ime constant per  stage on hydrogen would then be 0.0026 second a t  room 
temperature.  This is somewhat larger than the value used for Task 1 
studies (about 0.0005 second per  stage at room temperature) but is not 
a cause for concern since the volume being fed w a s  considerably la rger  
than that to be used in the final circuit. It does point out very forcefully 
the need for circuit  packaging, which minimizes interconnection volumes. 
This need becomes more  important as amplifier gas  flow comes down. 
The present amplifier design is w e l l  adapted to compact circuit  
arrangement.  

The scaled lag  

4.2.4 Status of the Lead-Lag Circuit Design 

The lead-lag components have been designed and tested 
and appear to meet the circuit requirements with only minor adjust- 
ments ,  Presently,  the summer gain is approximately 0.67, the V11A 
stage gain is 5.3, and the V l l B  stage is  15.75. Thus, the forward path 
gain is 56.0, whereas a gain of 45 is required. Presently, the summer 
has a bias level, P, - - Ps ,  greater  than 2.0 psid per  input, whereas o n l y  
1.2 psid per  input is required. 
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SECTION 5 

GOALS O F  THIRD QUARTER 

In the second quarter ,  the design of the mechanical components 
with the exception of the variable volume of the rate  circuit  were com- 
pleted. Also, individual vortex components with performance charac-  
te r i s t ics  adequate for incorporation into the circui t  has  been developed. 

The next quarter  goals w i l l  be: 

(1) Complete the construction and tes t s  on the Position E r r o r  
Detector Unit and Power Control Valve. 

(2 )  Complete breadboard tests on the flueric circuit.. 
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APPENDIX A 

KINEMATIC ANALYSIS OF SPRING TUBE AND CAM 

The function of the position feedback t ransducer  of the position 
e r r o r  detector unit is to position a flapper between two nozzles in pro-  
portion to the angular position of the output shaft  of the actuator. The 
flapper of the device is  actuated, through a spring tube assembly, by a 
cam that is coupled to the output shaf t  of the actuator. (See Figure A - 1 . )  

The objective of this analysis is to write an equation for  the cam 
r i se ,  Rr ,  as a function of the angular rotation of the cam, +, that wi l l  
yield a linear displacement, y ,  of the flapper of the spring tube assembly 
at the nozzles. Another objective is to write an equation for the cam 
r i se ,  R r ,  as a function of the cam angle, a, for  use in the generation of 
the cam profile. 

$ NOZZLES 4 . L  

Figure A - l  - C a m  Spring Tube Assembly 
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SUMMARY 

Equation of the cam r i se  as function of the rotation of the 

r 1 

3 31 1 1 (21 - It)+ 21tlr 
r r n t  r 

I 
R t K +  b 

I 31-1&\ 21 1 - I  1 - 1  1 t - 
n r  t n  r t  ;I J - R. 

r b 

Equation of the cam r i se  as function of the cam angle 

Ka 

K [ I f  (21 
21 1 -1  1 - I  I t- 

n r  t n  r t  3 
r t  r 

- l t  

I 

I31 1 1 (21 - 1 ) t 2 1 1  3 

- 1  r r n t  r t t r  

r 

cos 

where 

Ka 

K [ I  1 (21 - I t )  t I 1  "1 
r t  r t r  

2 
1 . 1  (21 - 1 ) t I l  
r t  r t t r  

21 1 - 1 1  - 1  1 t- 
n r  t n  r t  3 

*These equations a re  evolved in the analysis section of this appendix. 

A-2 



. 

NOMENCLATURE 

Parameter  Symbo,l Unit 

Displacement of flapper a t  center 
line of nozzles inch Y 

Displacement of flapper due to 
angular deflection of spring tube inch 

inch 

y1 

y2 
Deflection of spring tube 

Displacement of flapper plus the 
displacement of the rod due to 
angular deflection of spring tube 

y3 
inch 

Displacement of rod due to angular 
deflection of spring tube inch 

y4 

Deflection of rod inch y5 

Displacement of rod a t  point of contact 
'6 

Length of spring tube plus flapper inch 
n 

I 

Length of rod inch 
r 

I 

Length of rod and flapper 
rn  

1 inch 

Angular deflection of spring tube degrees or  
radians 

Angular deflection of rod at  point of 
contact 

e 2  degrees o r  
radians 

Contact angle of rod and cam degrees o r  
radians 

e 3  

Angular rotation of cam degrees  o r  
radians 
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Par ame t e r Symbol Unit 

degrees  o r  
radians 

Cam angle a 

Ratio of y 
max/+max 

K in /degree 

Base radius of cam 
R b  

inch 

inch Cam r i se  
r 

R 

4 
in Moment of inertia of spring tube 

It 
4 

in Moment of inertia of rod 
r 
I 

Displacement of contact point 

Diameter of rod 

inch 

inch 

X 

r D 

Inner diameter of spring tube 
i 

D inch 

Outer diameter of spring tube inch 
0 

D 

U 
Y 

Force  applied on rod at  the point 
of contact F lb 

ANALYSIS 

Examining the Figure A-2 we see that: 

Y = Y 1  -+ Y2 

tube as a resul t  of the moment 
on the end of the spring tube 

where Y2 is the deflection of the spring 
applied by the rod and the load F acting 
and is expressed by the equation 

y1 is the displacement of the spring tube extension o r  flapper as a r e -  
sult of angular deflection of the end of the spring tube and is given by 
the equation 

1 
= (I - I )  tan 6 

y1 n t  ( 3 )  
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5 NOZZLES 

I 
F 

t P-3533 

Figure A-2 - Spring Tube Assembly 

81 is small and tan 81 can be expressed as the a r c  of 81. Equation (3) 
becomes 

The equation for  81 in  radians is 

and 

Thus 

(21 - - 1 )  
Qt -- - 

'1 2EIt r t  

The ver t ical  displacement of the rod of the spring tube, 

As with equation (4) 
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and y5, the displacement of rod due to bending, is given by 

3 
FP 

r 
'5 3EI 

- _ -  
r 

Substituting equations (5), (9)  and (10) in equation (8),we have: 

r 

Substituting equations (2),  (4) and (5) in equation (1) and solving for F, 
we have: 

2 Y EI* 

I t2 )  
F =  t 1 n r  t n "  r t  3 

I 2 1 1  - 1 1  - l i t -  

Substituting equation (12) in equation ( 1  I), we have an equation for y6 
as a function y: 

11 = y 
'6  

c 

3 
3 1 1  I ( 2 1  - 1 ) t 2 1 1  

r r n t  r t t r  I 
2 1 1  - 1 1  - 1 1  + -  131:t i n r  t n  r t  i t z i  3 

1 -1 
As the cam rotates in a clockwise direction, y6 increases  and the 

point of contact moves in a counterclockwise direction because of the 
deflection of the rod and the spring tube. The movement of the point of 
contact must  be taken into consideration in designing the cam. However, 
because the distance is small in comparison with rod length, it is neg- 
lected in the deflection equations of the spring tube and rod. 

In Figure A-1 it can be seen that R ,  the radius of the cam,  is 
equal to: 

R b t  '6 R =  
3 c o s  e 

and the cam r i se  

Rb 
R = R -  

r 
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Thus, substituting equation (14) in (15): 

- R  
R b  "6 

R =  
r cos 8 b 

3 

Substituting equation ( 13) in equation ( 16) 
31rlrnlt (21= - It)  -t 21+,lr 3 

(17) 

Rb ' Y 

2 1 1  - 1 1  - 1 1  + -  
n r  t n  r t  3 

C O S  e - R b  
3 

R = ,  
r 

The contact angle of rod and cam, 03, is the sum of angular deflection 
of spring tube e l  and angular deflection of the rod a t  the point of con- 
tact ,  e2. Thus 

The angular deflection of the rod is given by the equation 

2 
r e =- 

2 2 E I  

FP 

r 

Substituting equations (5) and (19) in (18), we have 

I 1  (21 - 1 ) t I r n  
3 2 E I I  r t  r t t r  e =  

t r  

Substituting equation (12) in (20), we have 

.I y I 1 (21 - It) -t I 1 
- [ r t  r t r  

2 1 1  - 1 1  - 1 1  + -  
n r  t n  r t  3 

e3 - 

(20) 

It is required that y change linearly as a function of 9, the angular ro-  
tation of the cam. Therefore we can say that 

Y = K 9  (22)  
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K is determined from values of maximum deflection of the flapper at 
the nozzle and the maximum rotation of the cam: 

'max 

'max 
K = -  

To get an equation of the cam r i se ,  
substitute equation ( 2 2 )  in equation ( 2  1). 

- 
e3  - 

r 

( 2 3 )  

R r ,  as a function of + , we f i r s t  

K+ I I ( 2 1  - I t )  t I 1  - [ r t  r t r  

2 1 1  - 1 1  - 1 1  t -  
r t  n r  t n  r t  3 

Now we substitute equation ( 2 4 )  and ( 2 2 )  in equation (17). 

R 
r 

( K + [ I 1  r t  (21 r - 1 t , t 1 1 2 ]  t r  
I I 

2 1 1  - 1 1  - 1 1  t -  
n r  t n  r t  3 

cos 

The c a m  angle is 

3 
a = + t 8  

Substituting ( 2 4 )  in ( 2 6 )  and solving for +, we have 

a 
+ =  r 'I 

b 

( 2 4 )  

(25) 

K I 1 ( 2 1  - I t )  t I 1  2 j  
l r t  r t r  

2 1 1  - 1 1  - 1 1  t -  
n r  t n  r t  3 
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Substituting equation (27) in (25), we have the equation for the cam 
r i se  R r  as a function of the c a m  angle a: 

- .  K a  
K t  

K [ I 1  (21 - P t ) t I I  ‘1 
r t  r t r  

21 1 - 1 1  -1  1 t- 
n r  t n  r t  3 

r 

cos 
Ka 

K [ I l  (21 - I t ) t I 1  2 ] 
r t  r t r  

2 
I 1  (21 - ! ) + I 1  
r t  r t t r  

P I - 1 1  - 1  1 t- 
n r  t n  r t  3 - 

The equation for  force at the contact point as a function of + is obtained 
f rom equations (12) and 22). 

2 K + E I +  
L 

2 1 1  - 1 . 4  - 1 1  t -  
n r  t n  r t  3 

The equations fo r  the moments of inertia of the spring and rod are:  

(spring tube) 
64 

I =  
t 
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APPENDIX B 

ANALYSIS O F  FEEDBACK PATH OF LEAD-LAG CIRCUIT 

INTRODUCTION 

This  analysis was performed to determine the proper location for 
the pneumatic capacitance element of the feedback portion of the lead- 
lag circuit. 
feedback pressure.  

The capacitance element is intended to provide a lag in 

SUMMARY O F  RESULTS 

An analytic model of the pressure  follower component ( V I 3  o r  V14) 
of the feedback circuit  has  been constructed. 
size of a lag tank required in different locations in the feedback path 
was determined. The resul ts  of this analysis indicate that i f  the lag 
tank is relocated as shown in Figure B-1, a lag tank of l e s s  than one 
cubic inch can be used. 

Using this model, the 

ANALYSIS OF P R E S S U R E  FOLLOWER STAGE 

The need for  a closer  look at this device became apparent as soon 
as detailed design of the feedback portion of the lead-lag circuit  was 
s tar ted.  The original assumption had been that this stage simply acted 
a s  a variable res is tance as  a function of the signal (P,) input pressure ,  
o r  m o r e  accurately as a function of (P - Pc). S 

This  assumption allows a static pneumatic res is tance t o  be cal-  
culated, but the dynamic conditions a r e  difficult t o  visualize without a 
dynamic model of the stage. 
The resis tances  are pneumatic volumetric flow resis tances  with units 

5 of lb -sec / in  . 
tance of the tank called T3 on overall actuation sys tem schematics. 
units for  pneumatic volumetric capacitance a r e  in5/lb. 
equivalent to an electr ical  capacitor t o  ground, since the p re s su re  of 
in te res t  is absolute p re s su re  in the tank. 

Figure B-1 shows the components involved. 

The capacitance shown (C,) is the volumetric flow capaci- 
The 

The element i s  

Using the original location for C3,  an  equivalent circuit  for the 
p r e s s u r e  follower portion only might look like Figure B-2. 
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I 0 P-3533 

I 

00  
00  
00 

(FINAL LOCATION) 

R3 VORTEX AMPLIFIER 

1 

L/ c3 r-- RC pc < 
(ORIGINAL VORTEX VALVE V13 OR Vi4 
LOCATION) 

Figure B-1 - Feedback of Lead-Lcg Circuit 

This  equivalent circuit  is based on the idea that,over a small 
range of values for  Pc - P,, the valve exit res is tance (R , )  is approxi- 
mately a l inear  function of Pc - P,. 
(av) is (Ps - P v ) / R o .  
zation, but t e s t s  on this  type circuit p r ior  to  this analysis showed 
Pc - Ps t o  have a small value ( l e s s  than 1 psid) for  all conditions except 
ve ry  rapidly applied Pc changes. Then, i f  Q3 and Qc are  considered 
downstream flows and a, is considered as the volume flow upstream 
of the  valve exit orifice,  the following equations apply. 

Then the valve volumetric flow 
It i s  t rue  that this  is  a ra ther  dras t ic  l inear i -  

( 1  1 
S 

P - P  
C 

= Q at p re s su re  P R C S 

Pf - P 

R 3  

S = Qj  at p r e s s u r e  P 
S 
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P - P  

R 
S V 

= Q at p re s su re  P 
V S 

0 

R = R  - M ( P  - P )  
0 00 C S 

where Roo is determined at Qc = 0. Also from Figure B-1 

= Q, f 
P - P  

s s  

R 1  

where Q, is at p re s su re  Pf 

Pf - P 

R2 

s l l  
= Q, 

where Q, is at p re s su re  Pf and 

P 
S 

Q1 - Q 2 = Q  - 
pf 

( 3 )  

( 4 )  

(5) 

Flows can a l so  be summed at  pressure P 
is included. 

is a "storage" flow for C 3  
S 

where capital S is  the Laplace  t ransform for differentiation, ignoring 
initial conditions. All of the resistance values and the gain t e r m  M can 
be assigned approximate numerical values derived f rom tes t  data taken 
around a specified se t  of init ial  conditions. Fo r  that set  of conditions, 
a l inear ized analysis can then be performed. The desired resul t  is a 
t r ans fe r  function defining APf/APc. 
values  (except Ro)  be considered constant for  small p re s su re  changes 
and let Y = 1/R o r  admittance. 

Let the resis tance and capacitance 

Then the l inearized equations a r e :  

( A P  - A P  )Y = A Q  
C s c  C 

( A P f  - A P s )  Y3 = AQ3 (10) 

(11) 
V 

( A P  ) Yoi t (P - P ). AY = A Q 
S S v 1  0 
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S 1 AY 0 = [. 00 - M (p C - Ps)]i-2 [-MI [AP C - AP 

from equation ( 7 )  

- 2 P  Y 1 - 2 P  Y t P S l l  Y 2 )  = AQ P t A P  (13) 
S Apf (pss y1 f i  f i  2 3 si 

f rom equation (8)  

AQ3 t AQ - A P  C 3  S = A Q  (14) 
C S V 

There  a r e  7 variables and 6 equations; so, if one variable is considered 
the forcing function, the t ransfer  functions to  each of the other variables 
may be obtained. Then the desired function has the form: 

G - -  - A pf 
1 t T  S 

C 0 
A P  

for  C 3  at the location shown in Figure B-2. 

P-3533 

, PC 

Figure B-2 - Model of Follower Circuit 
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This  is the proper form i f  C3 for the required value of (To) is 
realizable with a small volume. 

- P  Y ) 
c3 (K2 3 3 

2 T =  
0 

P Y ( - M K  P - Y  - Y  )+P  Y MK +K (2Y .+Y +Y3)-MK1K2(Ps-PV)i-Q3iY3 
s 3  1 v  0 c s 3  1 2  0 1 c  

where 

K = [R - M ( P  C - P ) ]  s i  - 2  

K = (P 

1 00 

2 y2)  
- 2 P  Y - 2 P Y  t P S l l  

s s  y1 f 1  f 2  

Typical values of the constants can now be substituted 

P = 115 psia 
s s  

P = 60 psia 
S 

P = 50 psia 
V 

P = 86.7 psia 
f '  

= 84.7 psia 
1 

5 R = 2.0 lb-sec / in  
00 

5 Y = 0.26 in / lb-sec 
oi 

5 Y = 1.7 in / lb -sec  

Y = 0.051 in5/ lb-sec 

= 0.137 in5/ lb-sec 

C 

1 

y2 

Y = 0.062 
3 

Qgi = 1.7 in3 /sec  

3 M = 0.37 sec/ in  
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10 
in  

lb  - sec  

Then 

2 2 K = 0.067 
1 

K 

T = C3 (0.51) 

= -15.2 in 3 / s e c  
2 

0 

The desired t ime constant on nitrogen at 530"R is 0.028 second. Therefore 

5 
3 S 

C = 0.055 in / l b  = V / y P  

V = (0.055) (1.4) (60)  in3 = 4.62  in 3 

This  is la rger  than desired.  

may be effected analytica z l y  by removing the "storage flow" t e r m  from 
equation (8)  and placing it in equation (7 ) .  Then,in place of equation (13), 

Let  us  now move C to  the final location shown in Figure B-1. This  

APf (P Y - 2 P  . Y  - 2 P  Y t P s l l Y 2 )  = AQ3Ps i tAP  (Q3 i ) t2P  C SAPf 
s s  1 f i  1 f i  2 S f i  3 

The resulting t ransfer  function has  the form: 

A P ~ / A P  = 
c l t T I S  

Then 
r 

2 P  C 1-(P -P ).MK t Y  t Y  t Y  S 1 s v 1  l o c 3  f .  3 
1 L J 

T =  1 Y 3  [-(P -P ) .(P . ) M K 1 t 2 Y  P +Q3i-K2] -K2 [-(P -P ).MK1+Y + Y  
o s  s v 1  O .I s v 1  s1 

By substitution, 

T1 = C3 (11.0) sec  

T1 can  be seen to  be l a rge r  than To for the same value of C 3 .  

Now 

V = (0.0025) (1 .4)  (90) in3 = 0.315 in3 
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